cent range if the component concerned has a relatively high boiling point, as is the case with volatile anaesthetic agents (Stoelting, Ellis and Longshore, 1973) . For trace concentrations of anaesthetic agents, the effects of adsorption can be overcome by the use of dynamic methods (Barratt, 1981; Gray and Burnside, 1984) , but these methods are less suitable for preparing higher concentrations of volatile agents because of the difficulty of achieving the required rate of evaporation of the liquid. Thus, there is a need for a reliable static method for preparing standards of per cent concentrations of volatile anaesthetic agents for gas chromatograph calibration.
This paper describes such a method. Precautions have been taken to minimize adsorptive losses, and the method has been assessed to determine whether any significant losses occur.
DESCRIPTION OF METHOD

Apparatus
The standard mixtures were made up in a gas sampling bulb ( fig. 1) , constructed of glass and of nominal volume 500 ml (Alltech Associates). The ends of the bulb were fitted with PTFE stopcocks, and the side socket held a standard 0.25-inch cylindrical septum (Thermogreen half-hole type (Supelco)). Liquid anaesthetic agent was injected through the septum from a 100-ul Hamilton gas-tight syringe, fitted with a 5-cm long, 0.15-mm bore needle (22 s gauge), and samples were withdrawn from the bulb through the septum into a 50-ml Hamilton gas-tight syringe, fitted with a Hamilton two-way valve and a 5-cm long, 0.4-mm bore needle (22 gauge).
Preparation of standards
The bulb was flushed for several minutes with the required carrier gas and then the gas flow was turned oft" and the stopcocks closed. The required volume of liquid agent was injected to the bulb from the 100-ul syringe. Following the evaporation of this liquid, which occurred within about 1 min (and could be hastened by holding the bulb in the palm of the hand), the gases were mixed by rapidly rotating the bulb to and fro in the hand. The needle of the 50-ml syringe was then inserted to the bulb and the syringe flushed once by withdrawing about 50 ml of the mixture into the syringe and expelling it back into the bulb. The turbulence produced by returning this sample promoted further mixing. A sample of about 50 ml was then withdrawn into the syringe for analysis.
Following the evaporation of the injected liquid, FIG. 1. Gas sampling bulb in which standard mixtures were prepared, with 100-jil syringe used to inject the volatile liquid and 50-ml syringe used to extract a sample of the mixture.
the gas inside the bulb was at a pressure above atmospheric, by a fraction approximately equal to the fractional concentration of the volatile agent in the mixture (between 3% and 4% for a liquid injection of 100 ul (see table III) ). However, when the sample was withdrawn into the 50-ml syringe, the pressure was reduced below atmospheric, since the total volume increased by about 10%. Therefore, in order to avoid dilution of the syringe contents when the two-way valve was opened to allow some of the mixture to be injected to a gas chromatograph, it was necessary first to compress the gas in the syringe by pushing in the plunger by about 10% (5 ml) with the two-way valve closed. In this laboratory, standard mixtures are generally prepared by injecting a full 100 |il of liquid agent to the bulb. Henceforth, the term "standard mixture" will refer to a mixture prepared in this way.
Calculation of concentration
The concentration of volatile agent x in a standard mixture (C x ) is given by:
where n x (number of moles of x in the bulb) and n c (number of moles of carrier gas in the bulb) are given by:
) xf where the symbols on the right sides of these equations are as denned in table I. The value of /, the factor to correct the molar volume of the carrier gas from the reference conditions of 20 °C and 101.325 kPa to ambient temperature and pressure, is given by the following equation, on the assumption that the gas obeys the ideal gas equation (Zemansky and Dittman, 1981) :
, (273.15+T(°C)) 101.325 / = . _ x-293.15 P(kPa)
where T and P are ambient temperature and pressure, respectively. Table I also lists the values of the quantities required to calculate C x for halothane, ennurane and isoflurane, including those found by the calibration procedures now to be described. 
Volatile agents used
The method has been developed and assessed using three of the most widely used volatile anaesthetic agents: halothane (Fluothane, ICI), enflurane (Ethrane, Abbott) and isoflurane (Aerrane, Ohio).
CALIBRATION
Methods
Volume of sampling bulb. This was found by determining the weight of distilled water required to fill the bulb, and dividing this by the density at the appropriate temperature (Diem and Lentner, 1970) .
Liquid densities. These were measured by weighing samples dispensed into 10-ml volumetric flasks (Vuline or Volac) manufactured to BS 1792 Class A accuracy, that is with a maximum error of ±0.025 ml (British Standards Institution, 1982) . The dispensing and weighing process was carried out twice with each of five flasks, and the average weight for each flask used in the final calculation. All measurements were carried out at temperatures between 19.5 °C and 20.5 °C.
Volume delivered by 100-pi syringe. Analytical grade 1,1,1-trichloroethane (BDH) was used as a test liquid and its density determined as described above. The liquid delivered by the syringe was collected in a 7-ml glass vial fitted with an open-hole screw cap and a Teflon-lined silicone septum (Alltech Associates), and weighed. This was done 30 times. The delivered volume was obtained by dividing the mean weight by the density.
Results
These are shown in table I. The following points should be noted:
Liquid densities. The value found for halothane (1.8693 ±0.0006 g ml" 1 ) agrees with that reported by Bottomley and Seiflow (1963) (1.8692 g ml-1 at 20 °C). The values for enflurane and isoflurane are consistent with the values quoted in the manufacturers' data sheets for the specific gravity at 25 °C relative to water at 25 °C (1.517 for enflurane and 1.496 for isoflurane).
Volume delivered by 100-id syringe. The value quoted for the error in this volume is the standard BRITISH JOURNAL OF ANAESTHESIA error of the mean (SEM) corresponding to a single injection (i.e. it is the standard deviation (SD)), since this is the relevant statistic for estimating the uncertainty associated with the composition of a standard mixture prepared from a single liquid injection. The error in the estimate of the delivered volume is the dominant factor in limiting the accuracy with which the composition of a prepared mixture is known, and indeed the errors of the other quantities in table I are negligible in comparison.
ASSESSMENT OF METHOD
Methods
Sample analysis
Samples were analysed by means of a Pye Unicam PU 4500 gas chromatograph using a 2-m long 4-mm i.d. glass column packed with 80-100 mesh Chromosorb WHP coated with 10% silicone OV101. The carrier gas was oxygen-free nitrogen (BOC) 40 ml min" Sand a flame ionization detector at 250 °C was used. The output signal was fed to a Hewlett-Packard HP 3390A reporting integrator, and peak area used as a measure of the response of the chromatograph.
Time variation of standard concentrations
For each volatile agent, a standard mixture in medical quality air (BOC) was prepared. A sample was withdrawn from the bulb and analysed immediately after all the liquid had evaporated (time zero) and at 2.5-min intervals for a further 30 min. The samples were taken with a 100-ul gas-tight syringe similar to that used to inject the liquid. The syringe was flushed three times before the sample was taken, and the transfer of the sample from the bulb to the chromatograph was sufficiently quick to avoid any sample loss from the syringe. (No measurable loss occurred over transfer times of up to 1 min.) The oven temperature was 200 °C for the chromatographic analyses, giving a retention time of 0.5 min for all three agents.
Linear regression analysis with time as the independent variable and peak area as the dependent variable was performed for each agent and the value of the slope tested for significant departure from zero, using a two-tailed Student's t test and a critical P value of 0.05 (Chatfield, 1983) .
Measurement of standard concentrations
The concentration of each agent in the standard gas mixture was measured by gas chromatography, against a liquid standard consisting of a nominal 1 % v/v solution of the agent in analytical grade 1,1,1-trichloroethane. The liquid standard was prepared by injecting 100 ul of the volatile agent from the calibrated 100-ul Hamilton syringe into a BS 1792 Class A 10-ml volumetric flask and making the volume up to 10 ml with the solvent. Mixing was achieved by energetic manual shaking of the stoppered flask. One-microlitre aliquots of this standard were injected through the injector port septum of the chromatograph using a 1-ul plunger-in-needle type SGE syringe. The gas samples were removed from the bulb with the 50-ml Hamilton syringe and injected to the chromatograph by means of a Valco gas sampling valve fitted with a sample loop of nominal volume 100 ul. Five separate gas mixtures were made up for each agent, and the sample from each analysed in duplicate. An aliquot of the liquid standard was analysed before each duplicate gas analysis.
The chromatograph oven was set at the highest temperature that would allow satisfactory separation of the anaesthetic agent from the solvent peaks for the liquid standard. This was 55 °C for halothane (retention time 1.5 min) and 70 °C for enflurane and isoflurane (retention time 0.9 min). The injector temperature was 150 °C.
The number of moles of anaesthetic agent in the gas sample was obtained by multiplying the number of moles in the liquid sample (obtained from the standard concentration, density, molar mass and injected volume) by the ratio of the peak area for the gas sample to that of the liquid sample, and the concentration in the gas sample calculated by dividing this number of moles by the total number of moles in the sample; this latter value was obtained from the volume of the sampling loop, on" the assumption that the gas displayed ideal behaviour (Zemansky and Dittman, 1981) . The whole calculation was performed using the mean values of the relevant quantities. The volumes of liquid standard injected and of the gas sampling loop were measured as follows:
Calibration of 1-fil syringe. This was performed gravimetrically, using trichloroethane and a closed vial, as described above for the 100-ul syringe. However, because of the small volume, weighing was performed for 10 pooled injections, and this was done five times.
Calibration of sampling loop. Samples from a standard mixture of enflurane were injected to the chromatograph either from a 250-ul Hamilton gas-tight syringe through the injection port septum or via the gas sampling valve from the 50-ml syringe, and the loop volume obtained by multiplying the injected volume by the ratio of peak areas for the loop and syringe samples. Preliminary measurements established that the loop volume was approximately 130 ul, and the definitive syringe injections were made using this volume (as indicated on the syringe graduations). The actual volume delivered by the syringe for this setting was determined gravimetrically as described above for the 100-ul syringe. The chromatographic procedure differed from that described previously in that an empty glass column, 2 m long, 2 mm i.d., and a carrier gas flow of 10 ml min" 1 were used, to avoid injecting to the high pressure that results when a packed column is used and that would cause significant sample retention in the syringe needle. The replacement of the packed column by the empty one reduced the pressure at the top of the column from 80 kPa to 0.7 kPa above ambient pressure. The use of an empty column was permissible because the volatile agent was the only constituent of the mixture to which the flame ionization detector was sensitive. However, to avoid the possibility that the sensitivity of the detector might be altered by different amounts of oxygen in the syringe and loop samples, the standard mixture was made up in oxygen-free nitrogen rather than in air.
Statistical methods. The standard errors of the predicted and measured concentrations were estimated by quadrature addition of the relative standard errors (RSE) of the component variables (Chatfield, 1983 ):
= [ I RSEJJ
It should be noted that the appropriate standard error of the volume of liquid injected in the preparation of the gas standards is l/\/5 times the error associated with a single injection, since the mean chromatograph response for five separately prepared standards was measured. Hence the errors for the predicted concentrations for a single injection will be V5 times greater than those in table III.
Results
Time variation of standard concentrations
The results (table II) showed no indication of any systematic trend in the concentrations with time, and the regression analyses for all three agents resulted in slopes the magnitudes of which were small and not significantly different from zero. While it is logically possible that, for a particular agent, any systematic trend could have been masked by an opposing drift in the detector sensitivity, the chance of this happening for all three agents seems small enough to be discounted. The coefficients of variation over the 30-min period were similar to the value of 0.36% that would be expected solely as the result of random variation in the volume delivered to the chromatograph by the 100-nl syringe (table I) . (In fact, the measured coefficient of variation should be somewhat greater than this, because of the additional variation associated with the analysis process; however, estimates of standard deviation from a sample of 10 are subject to large sampling variations, and there is no inconsistency in the above finding.) Thus, the values shown in table II show no evidence of any variation in the concentrations within the sampling bulb over the 30-min measurement period. 
Measurement of standard concentrations
The measured concentrations agreed with the predicted values within the limits of experimental error (table III) . For each agent, the two values differed by less than 1.5 times the SEM of the measured value.
DISCUSSION
It is a fundamental requirement of any proposed static method of preparing gas standards that significant adsorptive losses do not occur over the times for which it is planned to store the mixture. The sampling bulb used in the present method was chosen because it was constructed of relatively inert, non-adsorbent, materials and therefore should have provided as much freedom from adsorptive effects as it was possible to obtain. The results from the first part of the assessment show that no significant lossess occurred over a period of 30 min after evaporation was complete for halothane, enflurane and isoflurane. The second part of the assessment demonstrated that, in addition, no measurable loss occurred while evaporation was proceeding or during transfer of samples to the gas chromatograph. Taken together, both parts show that, over a period of 30 min after the standard was prepared, the actual concentrations were identical to the predicted concentrations, within the limits of experimental error. Although it is likely that the mixture would remain stable for considerably longer periods, there is no need to store it for such times because of the ease with which a fresh mixture can be prepared.
The main route by which loss of vapour molecules would be expected is solution in the Teflon stopcocks and silicone rubber septum of the sampling bulb. The solubilities of volatile anaesthetics vary considerably. The values for the more commonly used agents for rubber are shown in table IV. Within the range of values shown, enflurane and isoflurane are relatively insoluble, halothane is moderately soluble and methoxyflurane and trichloroethylene are very soluble. Therefore, if it is planned to prepare standard mixtures of either methoxyflurane or trichloroethylene using the present method, it would be advisable to check the stability of the mixtures. (Provisional work in this laboratory indicates that trichloroethylene standards are stable over a 30-min period.)
It has been possible to keep the present method very simple because only small sample volumes are required for gas chromatograph calibration. This allows the use of a small container and obviates the need, present in applications requiring large sample volumes (Nelson, 1971; Barratt, 1981) , for providing a diluent gas to replace the sample removed. Furthermore, the compactness of the sampling bulb allows mixing to be performed easily by hand. The accuracy with which the composition of the standards is known depends on the accuracy with which the quantities listed in table I are determined (systematic errors), and on the repeatability of the injections of liquid agent to the sampling bulb (random error). Although the syringe used for these injections had a specified accuracy and repeatability of better than ± 1 %, greater accuracy can be achieved by means of individual calibration, and this procedure also gives an improved estimate of the repeatability of the injections. One other source of error in the predicted concentration which has not yet been considered is variation in the liquid density caused by departures from the temperature at which the density was determined. The coefficient of expansion of the agents investigated is around 0.0025/°C (referred to the density at 20 °C) and, thus, to achieve maximum accuracy it would be necessary either to control the laboratory temperature or to make appropriate corrections for the temperature variation. The estimated relative standard error for the predicted concentration of a single standard mixture prepared in this laboratory is less than 0.5 %; greater calibration accuracy could be obtained by taking the mean value of the chromatograph response to several mixtures prepared in succession, and so reduce the error associated with variation in the injected volume.
The principle of the present method is not new and indeed it has been used previously in a technique for the preparation of methoxyflurane and halothane standards for gas chromatography (Allott, Steward and Mapleson, 1971; Jones, Molloy and Rosen, 1971) . The method described here differs from the previous one in two main respects: first, the mixing vessel is much more compact (500 ml instead of 10 litre), and allows mixing to be achieved in less than 1 min, instead of the 10-15 min required by the earlier method and, second, the amount of volatile agent dispensed into the mixing vessel is measured volumetrically rather than gravimetrically. There is no doubt that gravimetric dispensing is fundamentally more accurate, since it avoids the uncertainties associated with syringe calibration, random variation in injected volume and temperature variation of liquid density; however, volumetric dispensing is easier to carry out and therefore more suitable for routine use and, as used here, provides sufficient accuracy for most purposes. It would be a simple matter to change to gravimetric dispensing if greater accuracy were required.
The main innovations in the present work were the measures taken to estimate the accuracy of the method and to check the method by comparison with liquid standards. Although the earlier method provided standards with only a very slow loss of halothane (the 95 % confidence interval was 0.20-0.48% per day), no estimate of the absolute accuracy was given, nor was the method checked against an independent standard. One potential source of error in any method of gas analysis is differential sample loss during transfer to the measuring instrument. In the earlier method, all-glass syringes were used for sample transfer, and there would therefore seem to have been the possibility of some sample loss by diffusion past the plunger. The use of a gas-tight syringe with a PTFE plunger tip avoids diffusive loss in the present method. However, gradual loss of sample does occur as the result of solution of the volatile agent in the PTFE. In order to prevent this becoming appreciable, the syringe should be filled to capacity and the sample analysed within 10 min.
The present method is used regularly in this laboratory to provide standard mixtures for calibrating a gas chromatograph which is then used to analyse the output of anaesthetic vaporizers. This procedure is carried out either to check the vaporizer calibration for clinical purposes or to allow the vaporizer to be used as a source of a vapour mixture of accurately known composition for the assessment and calibration of volatile anaesthetic monitors. A new generation of these instruments is now becoming available (Diprose, Epstein and Redman, 1980; Kay, Cohen and Wheeler, 1982) , and a future publication will present an assessment of one of them carried out in this manner. The availability of a simple, reliable and accurate calibration method allows the capabilities of gas chromatography to be fully realized for such applications, and makes it the technique of choice for the determination of volatile agents in this laboratory.
